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Diastereomers of the hydrogen-bonded aggregate
hub(M)r.3CA (Chart 1) are observed in the 1H NMR
spectrum when the isocyanuric acid component (CA) is
optically-active. The trismelamine component, hub(M)s,
contains no chiral centers but exists as a pair of enan-
tiomers due to the orientation that the three melamine
groups adopt when complexed to molecules of CA (Scheme
1).i That is, for the C3 symmetric aggregate, the
melamines can be arranged in a clockwise (M) or coun-
terclockwise (P) arrangement.z The C1 symmetric ag-
gregate -generated conceptually by rotation around the
indicated spoke-also exists as an enantiomeric pair.
Aggregates incorporating optically-inactive CA show
degenerate lines for their enantiomers in the 1H NMR
spectra. Two hydrogen-bonded imide lines (appearing
between 16 and 13 ppm) are observed for the C3 ag-
gregate, and six lines are observed for the Cr aggregate.3

Using an optically-active CA, we observe experimen-
tally mixtures of diastereomers (Scheme 2). Figure 1
shows the variable temperature lH NMR (VT) spectra
of the imide region of 1-M. Aggregate l-P shows
indistinguishable VT spectra. The spectrum recorded at
258K shows two pairs of two lines corresponding to the
two diastereomers of the C3 isomer and some of the lines
of the diastereomeric C1 isomers. The Cg diastereomers
exist in a 3:l ratio; that is, one diastereomer is 0.3 kcaV
mol more stable than the other. The difference in
energies between the Cr isomers is much smaller, and is
difficult to estimate due to uncertainty in assignment of
these lines to different diastereomers. Choice of solvent
affects both the resolution of these isomers and their
relative populations (Figure 2).

Similar geometric isomers have been observed in other
systems: initial investigations of medium-sized rings
based on tri-o-thymotide in solution by Stoddarda-? -and

the support of these findings using single-crystal X-ray
diftactions's and 13C NMR spectroscopyr0 -revealed the
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Chart 1. Aggregates Used in This Study
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Scheme 1. Aggregates (Viewed from above)
Showing an Alternating Arrangement of CA
(lVhite triangles) and Melamine (Darkened
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" Unique hydrogen-bonded imide protons are shown as num-
bered bulges on the CA. When CA is optically-inactive, hub(M)s.3CA
exists as a C3 isomer (and its enantiomer) and a Cr isomer (and
its enantiomer). These isomers differ in the orientation of the
attachment of the trismelamine spoke (darkened line) to the
melamine group. We refer to these enantiomers as M and P
depending on the orientation of the spokes as illustrated by the
arrows. The dashed line denotes the mirror plane relating the M
and P isomers. The Cr and Cs isomers can be interconverted
conceptually by rotation of the indicated (O) spoke.

presence of isomers. Recently, conformational diaster-
eomers of a related trianthranilide have been isolated.lr
The incorporation of chiral centers into the covalent
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Scheme 2. Effect of the Choice of Solvento
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Figure 2. \H NMR spectra of aggregates of hub(M)s.SCA. The
imide region of l-R in a variety of solvents is shown. The
spectra were obtained at 298 K. The major and minor Ca
diastereomers are discernible and indicated with brackets.

Figure 3. Complicated spectrum resulting from mixing
hub(M)s with equimolar portions of (R)- and (S)-(naphthyl-
ethyl)isocyanuric acid. For details of the available isomers, see
Scheme 2. Lines that may belong to the symmetric (RRR or
SSS) Ca diastereomers are indicated with an asterisk. This
assignment is based on the chemical shift of these peaks and
is tentative.

Mixing hub(M)s with racemic (naphthylethyl)iso-
cyanuric acid results conceptually in a number of differ-
ent isomers (Scheme 1). The lH NMR spectra of this
aggregate are shown in Figure 3. These spectra show a
greater number of lines at all temperatures. Most of
these lines are broader than the lines of l-P (or 1-M).17
We expect four pairs of enantiomers for the Ce diaster-
eomers and eight pairs for the Cr diastereomers. That
is, 56 lines (2 lines x 4 Cs isomers * 6 lines x 8 Cr
isomers) are possible. On the basis of the relative
simplicity of the 1H NMR spectra, we believe that most
of the isomers exist in low concentrations.

Table 1 summarizes the optical rotations and cr.p
obtained for these aggregates. We observe a slight
"amplification" of optical rotation of solutions for l-P (o"
f -M) compared with an equivalent amount of CA in the
absence of hub(M)s. This amplification is not as dramatic
as that seen by I{atz et al. in self-aggregating helicenes.ls

(12) Eggers, L.; Buss, V.; Henkel, G. Angew. Chem., Int. Ed. Engl.
1996,35,  870.

(13) Lehn et aI. have described a self-assembling helicate based on
Cu(II) and tethered chelates that assembles with handedness; see:
Hasenknopf, B.; Lehn, J.-M.; Baum, G.; Fenske, D. Proc. NatL Acad.
Sci. U.S.A. 1996, 98, 1397 and references therein.

(14) Kawamoto, T.; Hammes, B. S.; Haggerty, B.; Yap, G. P. A.;
Rheingold, A. L.; Borovik, A. S. J. Am. Chem. Soc. 1996, 118,285.

(15) Mitzuni, T.; Yagi, S.; Honmaru, A.; Ogoshi, H. J. Am. Chem.
Soc.  1996. 1/8,5318.
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4 Pairs of Enantiomers
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'(a) Mixing achiral CA with hub(M)s results in the formation
of Cs aggregates that give two imide lines. Cr aggregates (not
shown) give six imide lines. (b) If the CA is optically-active,
diastereomers result. Instead of two lines in the imide region we
expect-and observe-two pairs of two lines. Cr aggfegates (not
shown) exist as a pair of diastereomers, and we see two pairs of
six lines. (c) If a racemic CA is used, four pairs of enantiomers
are obtained for the C3 isomer. Those containing exclusively (,R)-
or (S)-CA will give two lines. Those containing equimolar mixtures
of (ft)- and (S)-CA have six unique environments for the CA and
can give up to six Iines each. The C1 aggegates exist as eight
enantiomeric pairs of diastereomers.
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Figure 1. lH NMR of hub(M)s.3CA, where CA: (R)- or (S)-
(naphthylethyl)isocyanuric acid. The variable temperature
spectra show two Ca diastereomers clearly (bold lines). Only

::H: 
of the lines corresponding to the Cr diastereomers are

scaffold has been used to resolve enantiomers of a
monomethine dye.t' Self-assembling systems that
adoplr3-t6 helical symmetry have also been reported.

(11) OIIis, D.; Stephanidou, J.; Stoddard, J. F.; Ferrige, A. G.Angew.
Chem., Int. Ed. Engl. L975, 15,223.
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Notes

Table 1. Optical Rotationso

component
rotation

(deg) 0.25n

(R)-CA 1.1 5.6 (c :  5)
(S)-CA -1.1 -5.6 (c :  5)
hub(M)s'3((R)-CA) r.7 0.6 (c: 17.3)
hub(M)g'3((S)-CA) -1.6 -0.6 (c: 17.3)
hub(M)s'3lz((n)-CA)'3lz((S)-CA) 0.02 (0) 0 (c: 17.3)

o The optical rotations of a series of solutions with 5 mg of (.8/
S)-CA (CA: (naphthylethyl)isocyanuric acid) dissolved in 1 mL
of CHC[; c is concentration in mg/ml,.

Scheme 3. Exchange Processes in These
Aggregateso
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o The lH NMR spectra give details of the relative rates of
different exchange processes occurring in these aggregates. (a) We
envision exchange of CA between equivalent sites leading to the
averaging of the two imide lines to a single coalesced peak to ocflrr
by &r or ft2. These processes occur faster than those described in
b. (b) We envision the equilibration of the Cs and C1 isomers of
these aggregates to occur by flipping of spokes shown by h1, h2,
and hs. The patterns ofthese processes correspond to the equili-
bration scheme shown in c. (c) We summarize the interconversion
of enantiomers (if the CA is achiral or diastereomers if the CA is
optically-active) as occurring through isomers that can be dia-
grammed as a cube. Enantiomeric pairs are shown on distant
corners. That is, the enantiomeric Cs hubs are shown in the upper-
left rear and lower-right front corners.

A simplified model of the exchange processes available
to the components of l-M-or any aggregate based on
hub(M)e.3CA-is shown in Scheme 3. From the VT
spectra we hypothesize that the rates of exchange of
molecules of CA between identical sites of the hub (frr-z)
are fast compared with interconversion of the diastere-
omers (hr-s). Interestingly, the CAs of the thermody-
namically prefemed diastereomer undergo more rapid
exchange (processes kr) than those of the less stable
isomer. That is, the minor Cs diastereomer shows two
lines-corresponding to imide protons close to and far

(18)Nuckolls, C.; Katz,T. J.; Castellanos, L. J. Am. Chem. Soc.
1996, 118,3767.
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from the neo-hexyl group-at temperatures (i.e., 298 K)
where the major Cs diastereomer lines are coalesced due
to rapid exchange.

The rates of ky2do appear to be affected by the solvent
(Figure 2). In CDCls, the CAs of one diastereomer are
exchanging faster than the NMR time scale. Exchange
appears to be the slowest in CCI+ and C5D6: the lines for
the major diastereomer coalesce at >308 K in CDzClz,
CCla, and CoDe but at 268Kin CDCls. A different trend
is observed for the minor diastereomer: coalescence
occurs at >328 K in all solvents.

Conclusion

Establishing that 1 exists as a pair of diastereomers
of I offers additional proof for the structure proposed for
hub(M)a.3CA: the hypothesized enantiomers have been
resolved using optically-active molecules of CA. This
aggregate serves as a model for a family of hydrogen-
bonded structures based on the lattice of isocyanuric acid
and melamine. Our efforts to understand both the
structure of this aggregate and the imide region of the
1H NMR spectrum are becoming increasingly important
as these aggregates get larger and more complex showing
additional lines throughout the lH NMR spectrum.

Experimental Section

lH NMR Spectroscopy. Solvents for NMR spectroscopy
were purchased from Aldrich Chemical and used as received.
The 1H NMR spectra were recorded on a Bruker AM400 NMR
spectrometer.

Synthesis. Aggregates were synthesized by mixing the
component molecules in CDCIg and sonicating briefly (5 s) to a
homogeneous solution. The synthesis of hub(M)g has been
reported.r The synthesis of the optically-active molecules of CA
is accomplished in two steps through the biuret adductle of the
commerically available optically-active amines. The procedures
have been detailed for achiral amines.

Biuret Adduct of Naphthylethylamine. 1H NMR (400
MHz, DMSO-de): d 8.58 (br s, 1 H), 8.10 (m, 2 H), 7.94 (d, J :
4 . 8 I J 2 , 1 H ) , 7 . 8 4  ( m ,  1 H ) , 7 . 5 7  ( m , 4 H ) , 6 . 7 7  ( s , 2  H ) , 5 . 6 3  ( m ,
1 H), 1.52 (d, J: 4.3H2,3 H). ta6 NMR (100 MHz, DMSO-de):
d 155.5, 153.5, 139.9, 133.4, 130.1, 128.7, L27.4, 126.3, L25.6,
725.5, t22.9, 122.0, M.6,22.0. HRES-MS: calcd, [M + H]+
258.1243; obsd, 258. 1238.

(Naphthylethyl)isocyanuric Acid. lH NMR (400 MHz,
DMSO-d6): d 11.40 (br s, 2 H), 7 .99 Qd, J :  4.8 Hz, 2 H), 7.85
(d,  1  H,  J  :  5 .1H2) ,  7 .78(d,  J  :  4 .5H2,  1  H) ,  7 .53 (m,  4  H) ,
6.40 (q, J :  4.3 Hz, I  H), 1.84 (d, J :  4.3 Hz, 3 H). 13C NMR
(100 MHz, DMSO-de): 6149.5,148.5, L34.5,133.3, 130.9, 128.9,
128.0, 126.9, t26.5, L25.4, 124.9, 122.4, 47.9,20.7. HRES-MS:
calcd, [M]+ 283.0957; obsd, 283.0970.
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